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Final Report 

A STUDY OF THE STRUCTURE OF THE SOURCE REGION OF THE 
SOLAR WIND IN SUPPORT OF A SOLAR PROBE MISSION 


Introduction 

Despite the richness of the information about the physical properties and the structure 
of the solar wind provided by the Ulysses and SOHO observations, fundamental questions 
regarding the nature of the coronal heating mechanisms, their source, and the manifestations 
of the fast and slow solar wind, still remain unanswered. The last unexplored frontier to 
establish the connection between the structure and dynamics of the solar atmosphere, its 
extension into interplanetary space, and the mechanisms responsible for the evolution of the 
solar wind, is the corona between 1 and 30 Rg. 

A Solar Probe mission offers an unprecedented opportunity to explore this frontier. The 
uniqueness of this mission stems from its trajectory in a plane perpendicular to the ecliptic 
which reaches within 9 R* of the solar surface over the poles and 3 - 9 Rs at the equator. 
With a complement of simultaneous in situ and remote sensing observations, this mission 
is destined to have a significant impact on our understanding of the fundamental processes 
that heat the corona and drive the solar wind. The Solar Probe should be able to detect 
remnants and signatures of the processes which heat the corona and accelerate the solar 
wind. 

The primary objective of this proposal was to explore the structure of the different source 
regions of the solar wind through complementary observational and theoretical studies in 
support of a Solar Probe mission. Listed below are the topics and tasks accomplished during 
the funding period. 

Report of the Minimum Solar Mission Science Definition Team 

As a member of the Minimum Solar Mission Science Definition Team, S. Habbal partici- 
pated in the study conducted by the Team over the Spring and Summer of 1995 at JPL. S. 
R. Habbal played a critical role in pointing out that model computations and recent IPS and 
Spartan observations strongly indicated that the acceleration of the solar wind could be hap- 
pening a lot closer to the Sun than expected from earlier solar wind models. Subsequently, 
the technological implications of such a finding were discussed in length, and recommenda- 
tions for holes in the shield to get a full description of the plasma distribution function were 
made. S. R. Habbal also strongly advocated the scientific need for an EUV imager for such 
a mission. The results of the study appeared in the Report of the Minimum Solar Mission 
Science Definition Team. 
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The Eclipse expedition to India in October 1995 

A discussion of the importance of observing the Sun simultaneously with a series of iron 
lines in the visible wavelength range, and the feasibility of such observations, was presented 
at the Solar Wind Eight conference in June 1995. The first experiment to carry out such 
observations during a total eclipse was performed in October 1995 in India. There were 
several factors that rendered this eclipse experiment extremely timely: (1) the coincidence 
with solar minimum, and (2) the closeness of the apparent diameter of the Moon to that of 
the Sun. Both factors made the conditions ideal to carry out observations of structures of 
coronal holes in wavelengths sensitive to different temperature plasmas. 

Funds were used to purchase CCD cameras for the eclipse observations, 300 mm lenses, a 
set of four filters for multiwavelength observations, and a laptop to acquire and display the 
images recorded by the CCD cameras. Filter mounts were designed to enable us to switch 
filters half way through the observations. A sequence of exposure times was selected for each 
filter. Despite the short duration of the eclipse (40 seconds), images with different exposure 
times were acquired with each filter. 

Conference on Robotic Exploration close to the Sun: Scientific Basis 

The conference was held on 15-18 April 1996, at the NYNEX conference center in Marl- 
boro, Massachusetts with 75 attendees. The emphasis in the program was on an open 
exchange of ideas pertaining to the current status of our knowledge of the solar wind, and 
what the requirements would be for a meaningful advance in our knowledge. The program 
included a few overview talks, and discussions carried out in the separate meetings of the 
three working groups, as well as in plenary sessions. The Proceedings of the workshop were 
published by AIP in January 1997. These proceedings continue to provide the foundation 
for ongoing efforts in the planning of a Solar Probe mission. 

Modeling of the acceleration region of the solar wind 

While the mechanisms responsible for the solar corona and the high-speed solar wind 
streams are still unknown, model computations offer means of predicting the properties of 
such mechanisms in light of the empirical constraints currently available. Modeling and data 
analysis efforts were aimed at understanding the plasma properties of the acceleration of 
the solar wind, its filamentary nature, and the conditions needed to account for a rapidly 
accelerating solar wind, reaching its terminal speed within 10 R s . Studies of two and three 
fluid solar wind models concentrated on the effects of heating, momentum addition and 
Alfven waves, on the flow of electrons, protons, minor ions and neutral hydrogen. In addition, 
a study was focused on the role of proton temperature anisotropy on the energy balance 
requirements for the solar wind, and the implications for coronal heating processes. Also the 
implications of current inferences of high proton and minor ion temperatures in the inner 
corona for the interpretation of spectral lines were explored. 

Model computations complemented by data analysis played a key role in the realization 
that 
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• the fast solar wind undergoes very rapid acceleration in the inner corona and reaches its 
asymptotic speed by 10 Rs (Habbal et al. 1995, Esser and Habbal 1995, Esser et al. 1997). 
These studies also established the necessary requirements for coronal heating mechanisms 
to produce such profiles; 

• heavy ions play a role in the solar wind flow (Li et al. 1997); 

• significant temperature anisotropies in the protons and minor ions develop in the inner 
corona in the presence of Alfven waves (Allen et al. 1997, Hu et al. 1997); 

• high proton temperatures in the inner corona can have a significant impact on the formation 
of some spectral lines there (Brickhouse and Esser 1996); 

Characteristics of the inner heliosphere between 1 and 10 R* 

Analyses of coordinated radio occultation measurements with white light and ultraviolet 

observations provided the first evidence that 

• the filamentary nature of structures in the solar wind are much smaller in streamer axes 
than in coronal holes (Woo and Habbal 1997b); 

• the quiet Sun is also very likely to be a source for the fast solar wind (Woo and Habbal 
1997a); 

• the fast wind is ubiquitous in the inner corona, the streamer axes are the locus of the 
slowest solar wind, and a velocity shear exists between the fast and slow solar wind at the 
boundaries of streamers and along their axes (Habbal et al. 1997). 

Publications Listed in Chronological Order 

S. R. Habbal, R. Esser, M. Guhathakurta, and R. R. Fisher, Flow properties of the so- 
lar wind derived from a two-fluid model with constraints from white light and in-situ 
interplanetary data, Geophys. R. Lett., 22, 1465-1468, 1995. 

R. Esser and S. R. Habbal, Coronal heating and plasma parameters at 1 AU, Geophys. R. 
Lett., 22, 2661-2664, 1995. 

R. Esser, N. S. Brickhouse, S. R. Habbal, R. C. Altrock, and H. C. Hudson, Using Fe X 
6374 and Fe XIV 5303 spectral line intensities to study the effect of the line of sight on 
coronal hole temperature inferences, J. Geophys. Res., 100, 19829 - 19838, 1995. 

N. S. Brickhouse and R. Esser, Effects of high ion temperatures on spectral line diagnostics 
in the source region of the high speed solar wind, Ap J, 479 , L470, 1996. 

R. Woo and S. R. Habbal, Finest filamentary structures of the inner corona in the slow and 
fast solar wind, Ap. J., 464, L139, 1997. 

R. Esser and N. S. Brickhouse, Interdependence of solar wind models and solar wind obser- 
vations, in Robotic Exploration Close to the Sun: Scientific Basis, S. R. Habbal, Ed., 
AIP Conference Proceedings 385, 1997. 
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S. R. Habbal and R. Woo, Remote sensing measurements of the corona with the Solar 
Probe, in Robotic Exploration Close to the Sun: Scientific Basis, S. R. Habbal, Ed., 
AIP Conference Proceedings 385, 1997. 

S. R. Habbal, Imaging the source regions of the solar wind, in Robotic Exploration Close to 
the Sun: Scientific Basis, S. R. Habbal, Ed., AIP Conference Proceedings 385, 1997. 

J. V. Hollweg, and R. Esser, The solar corona and solar wind: theoretical issues, in Robotic 
Exploration Close to the Sun: Scientific Basis, S. R. Habbal, Ed., AIP Conference 
Proceedings 385, 1997. 

R. Esser, S. R. Habbal, Wm. Coles, and J. V. & Hollweg, Hot protons in the inner corona 
and their effect on the flow properties of the solar wind, J. Geophys. Res. 102, 7063, 
1997. 

R. Woo and S. R. Habbal, Extension of coronal structure into interplanetary space, Geophys. 
Res. Lett., 24, 1159, 1997. 

Y.-Q. Hu, R. Esser and S. R. Habbal, A fast solar wind model with anisotropic proton 
temperature, J. Geophys. Res., 102, 14,661, 1997. 

X. Li, R. Esser, S. R. Habbal and Y.-Q. Hu, Influence of heavy ions on the high speed solar 
wind, J. Geophys. Res., 102, 17,419, 1997. 

*S. R. Habbal, R. Woo, S. Fineschi, R. O’Neal, J. Kohl, G. Noci, and C. Korendyke, Origins 
of the slow and the ubiquitous fast solar wind, Ap. J., 489, L103, 1997. 

* Results featured in Science, 278, 387, 1997 by J. Glantz, in Nature, 390, 235, 
1997 by K. Southwell, and Astronomy Magazine, March 98 by R. Graham 

R. Esser and S. R. Habbal, Coronal holes and the solar wind, in Cosmic Winds and the 
Heliosphere, J. R. Jokipii, C. P. Sonett, and M. S. Giampapa (Eds.), University of 
Arizona Press, 1997. 


Reports and Proceedings 

W. I. Axford, W. Feldman, M. A. Forman, S. R. Habbal, J. C. Ling, S. Moses, A. Title, 
R. Woo, D. T. Young, Close Encounter with the Sun: Report of the Minimum Solar 
Mission Science Definition Team, Scientific Rationale and Mission Concept, August 
1995. 

D. Winterhalter, J. T. Gosling, S. R. Habbal, W. Kurth, M. Neugebauer, Eds., Solar Wind 
Eight, AIP-CP 382, American Institute of Physics, 1996. 

S. R. Habbal, Ed., Robotic Exploration Close to the Sun: Scientific Basis, AIP-CP 385, 
American Institute of Physics, 1997. 

Papers presented at conferences 

S. R. Habbal, N. Brickhouse, and R. Esser, Exploring the temperature structure of coronal 
holes with a novel combination of visible Fe lines, Solar Wind 8 Conference, June 1995. 

R. Esser, N. S. Brickhouse, S. R. Habbal, Demonstrating the limitations of line ratio tem- 
perature diagnostic using Fe X and Fe XIV, Solar Wind 8 Conference, June, 1995. 
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X. Li, R. Esser, S. R. Habbal, and Y.-Q. Hu, Role of heavy ions in the fast solar wind, EOS 
Trans. AGU, 77 (46), Fall Meet. Suppl., F587, 1996. 

L. Allen, S. R. Habbal and Y.-Q. Hu, Coupling between neutral hydrogen atoms and protons 
in the fast solar wind, EOS Trans. AGU, 77 (46), Fall Meet. Suppl., F587, 1996. 

X. Li and S. R. Habbal, On the line profile of O VI 1032 A in coronal holes, AGU Spring 
Meeting, 1997. 

S. R. Habbal, et al., UVCS observations of coronal streamers during the GALILEO and 
NEAR solar conjunctions, AGU Spring Meeting, 1997 
R. Woo and S. R. Habbal, Extension of coronal structure into interplanetary space, AGU 
Spring Meeting, 1997. 

R. McNutt et al., The NEAR Solar Conjunction Experiment, AGU Spring Meeting, 1997. 
X. Li, S. R. Habbal, and R. Esser, Model computations of the line profiles of O VI 1032 and 

1037 A in the fast solar wind and comparison with UVCS observations, SPD meeting, 
Bozeman, June 1997. 

S. R. Habbal, R. Woo, S. Fineschi, and J. L. Kohl, Transition from fast to slow solar wind 

in the inner corona, SOHO-5, Oslo, July 1997. 

S. R. Habbal, Model studies of fast and slow solar wind flows, IAGA 97, Uppsala, Sweden, 
August 1997. 


Invited Talks by S. R. Habbal 

Impact of Ulysses observations on solar wind models, EOS Trans. AGU, 76 (46), Fall Meet. 
Suppl., F450, 1995. 

Coronal Imaging from the Solar Probe, XXI General Assembly of the European Geophysical 
Society, The Hague, The Netherlands, May, 1996. 

Polar Plumes, Open and Closed Fields and the Solar Wind ISSI Workshop, Bern, Switzer- 
land, July 8-12, 1996. 

Scientific Basis for a Solar Probe Mission Close to the Sun AGU, May 1997. 

Scientific Basis for a Solar Probe Mission Close to the Sun, SPD meeting, Bozeman, Mon- 
tana, June 1997. 

Origins of the fast solar wind, 18th NSO/Sac Workshop, September, 1997. 




